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Abstract 
The present work describes two-dimensional finite element analyses carried out to study the critical 
height of an embankment supported by geotextile encased granular columns (GEC) in a very soft soil, 
using PLAXIS 2D software. Comprehensive numerical analyses were performed, by increasing the 
height of the embankment, to study the influence of the tensile stiffness of the encasement, the 
compressibility and thickness of the soft clay layer and the span between columns, in order to assess 
the embankment critical height.  
It was concluded that the diameter and the spacing between columns are the only parameters affecting 
the development of the critical height. Based on the numerical results obtained, a design equation was 
proposed to estimate the embankment critical height, function of the mesh configuration, column 
diameter and spacing between columns. It was also possible to compare the equation developed, with 
the available critical height results for piled embankments, concluding that there are no significant 
differences between the two. 
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1 Introduction 
Embankments built on very soft soils may experience problems such as excessive settlements, 
large lateral deformations of the soft soil layer beneath the embankment, and global or local 
instability. A number of soft soil ground improvement techniques are available and among these, 
granular columns are one of the most widely used as they reduce the total settlement under loading, 
and, additionally, speed up the consolidation process of the foundation soil.  
Conventional granular columns attain their load capacity from the confinement offered by the 
surrounding soft soil. However, when columns are installed in very soft clay with values for the 
undrained shear strength Su lower than 15 kN/m
2, the insufficient confinement offered by the soil 
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prevents the use of them. An alternative for those is the use of the geosynthetic encased column (GEC) 
with an appropriate modulus, generally, a geotextile. Thus, the main function of the geotextile is the 
radial confining reinforcement of the column. On the other hand, the encasement, due to its drainage, 
separation and filtration features, allows the columns to perform as high-capacity vertical drains and 
also prevents the lateral squeezing of granular material into the surrounding soil, and vice versa. 
Embankments supported by columns in general installed in a very soft stratum, experience 
differential settlements at their bases, which may result in surface differential settlements. Avoiding 
differential settlements at the surface of an embankment is often an important serviceability limit state 
condition. In this context, the term “critical height” is defined here, as the embankment height above 
which no differential settlements occurs at the embankment surface. Based on experimental studies 
and case history data (McGuire et al. 2012; Filz et al. 2012) a design equation was proposed to 
estimate the critical height for the piled embankments. Thereby, the critical height of an embankment 
supported by GEC is studied in the present paper using the finite element method. A number of 
parameters that may affect the critical height are then analyzed in a two-dimensional numerical study. 
The numerical results obtained here were then compared to literature data. 
2 General Concept and Calculation Methods 
The general geotechnical problem is shown schematically in Figure 1. It consists of an 
embankment with height he resting on the top of a soft clay layer with thickness hs (Figure 1a). A basal 
reinforcement layer is also adopted here. A grid of granular encased columns, in square or triangular 
mesh with spacing s is previously installed in the soft clay. The columns have diameter dc and length 
hc, this assumed coincident with the clay thickness hs. The tensile stiffness of the reinforcement 
encasement and basal reinforcement are JR and J, respectively. 
Raithel & Kempfert (2000) presented an analytical solution for designing a geotextile encased 
granular column foundation, which allows estimating the stresses and deformations, in both GEC and 
soft soil for long term conditions. Alternatively, these can be computed by numerical methods, the 
finite element method being the most widely used.  The three embankment-column load transfer 
mechanisms taking place in column supported embankments are arching effect in the embankment, the 
geosynthetic effect (membrane effect), and soft soil reaction. When a numerical analysis is performed 
these mechanisms take place automatically. Comparisons between analytical and numerical methods 
have shown that (e.g., Almeida et al. 2013; Hosseinpour et al. 2014) the great advantages of the latter. 
Both the analytical and numerical methods use the unit cell concept in which the column influence 
area is a function of the column arrangement (quadrangular usually) and can be turned into a circular 
equivalent area with diameter . The influence area of a column for a quadrangular arrangement is 
presented in Figure 1b. The relation between the unit cell diameter ୉ and the spacing  is given by 
Eq. [1] for a square array.   
 
 
Figure 1:  Column quadrangular arrangement with unit cell 
a) b) 
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An important concept associated to embankments supported by granular columns is the area ratio 
ୡ defined as the ratio between the area of the columns installed in a given soft soil area, and the area 
of the correspondent unit cell, thus given by Eq. [2]. The embankment critical height is usually related 
to the column diameter ݀௖ as well as the parameter ǯ which is the half span between the columns, as 
shown in Figure 1b and is given by Eq. [3]. 
 
 ݀ா ൌ ͳǤͳ͵ݏ [1] 
 ܽ௖ ൌ
݀௖ଶ
݀ாଶ
 [2] 
 
ݏᇱ ൌ ሺʹݏ
ଶሻభమ
ʹ െ
݀௖
ʹ  
[3] 
3 Numerical Modeling  
In order to simulate the unit cell, an axisymmetric model was undertaken through the finite 
element method, using the PLAXID 2D software. Triangular 15 nodal points elements were employed 
for the soil elements, thus the geosynthetic element was automatically defined by five-node line 
elements acting as a membrane.  
3.1 Material Properties and Geometry 
Concerning the materials, the soft clay and the granular column material were simulated using the 
Soft Soil (SS) and Hardening Soil (HS) model, respectively. An elasto-plastic Mohr–Coulomb model 
was adopted for the embankment material. Finally, the encasement and the geosynthetic reinforcement 
were both modeled by geogrid elements. Therefore, the geosynthetics were simulated as linear elastic 
materials with tensile stiffness, , for the encasement and, ୖ, for the reinforcement. Table 1 shows the 
soil parameters adopted in the finite element analyses performed here. To investigate the parameters 
affecting the embankment critical height ୡ୰୧୲some parameters were also analyzed, as explained 
subsequently. The hypothetical problem modeled is shown in Figure 2 in which the encased column 
diameter is 0.8 m, consists of a 1.75 m high embankment, the unit cell being 2.4 m diameter and 10 m 
length geotextile columns. 
Properties Sand column (HS) Embankment (MC) Soft clay (SS) 
ɀ (kN/m3) 20 18 14 
E (kPa) - 15000 - 
ହ଴୰ୣ୤ (kPa) 12000  - - 
୭ୣୢ୰ୣ୤ (kPa) 16210 - - ɉכ(-) - - 0.240 
Ɉכ (-) - - 0.042 
Ԅ (°) 40 30 28 
Table 1: Constitutive models and properties adopted in PLAXIS 2D 
3.2 Model Description 
Figure 2a/b shows the axisymmetric model adopted as well as the boundary conditions. It may be 
observed that the column base was assumed to rest on a rigid stratum. The installation of the encased 
column, usually by lateral displacement, was not simulated herein. The groundwater table was 
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considered coincident with the original soft soil surface. The required number of elements was defined 
by previous comparisons of finite element meshes with different number of elements, by which it was 
decided to use a medium coarse mesh refined in both geotextile and reinforcement shown in Figure 2c. 
Finally, finite element analyses were performed for long-term conditions (drained analysis) to assess 
the influence of embankment loading on final settlements. The embankment loading was simulated by 
actual embankment material placed (instantaneously) at the top of the soil/column. 
 
 
Figure 2: Unit cell concept: (a) axi-symmetric unit cell; (b) boundary condition and finite-element model; (c) 
Medium mesh refined in both geotextile and reinforcement 
4 Parameters Affecting the Critical Height of Embankment  
4.1 Parameter Variation and Overall Results 
Parametric studies were performed with increasing height of the embankment in order to study 
which parameters affect the development of the embankment critical height ୡ୰୧୲ (Carreira, 2014). The 
chosen parameters were the tensile stiffness of the encasement , the compressibility of the soft clay 
ɉכ(ɈכȀɉכ = 0,175 in all analyses), the thickness of the soft clay ୱ, as well as the area ratio ୡ. Thus the 
differential settlement at the top of the embankment was investigated until no measurable differential 
movements at the top of the embankment were observed. The differential settlement is defined by the 
difference between absolute settlements computed at the points corresponding to the column center 
and the diagonal half way distance between columns. The parameters used in the calculations, are 
presented in Table 2.  
Case ୱ (ୡ) (m) ୡ(m) ୉ (m)  (kN/m) ୖ (kN/m) ɉכ(-) 
Base parameters 10 0.8 2.4 1000 400 0.240 
Parametric 
studies 
5 
10 
15 
0.8 
2.0 
2.4 
2.6 
1000 
2000 
4000 
400 
0.120 
0.240 
0.480 
Table 2: Parameters values adopted in the numerical analyses 
a) c) b) 
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4.2 Parametric Studies 
For each parameter studied, the corresponding value, presented in Table 2 was changed, while the 
rest of the parameters remained constant. Thus, three values were considered for each parameter 
studied. The referred values are also represented in Table 2. The differential settlements calculated at 
the top of the embankment were then plotted against the embankment height ୣ in Figure 3 for each 
parameter studied. Note in Figure 3, that the critical height is in fact 2.30 m although it appears to be 
2.00 m i.e., differential settlement is very small for the embankment height of 2.00 m, but still exists.  
Parametric studies regarding the geosynthetic stiffness J are shown in Figure 3a. It can be observed 
that J does not significantly affect the magnitude of the differential settlements. However, note that a 
higher value of geosynthetic stiffness is associated to a slightly higher differential settlement for a 
given embankment height. This occurs because stiffer columns experience less deformation under 
loading, thus resulting in higher differential settlements.  The influence of the clay compressibility is 
shown in Figure 3b, and as expected, differential settlements are significantly greater for more 
compressible clays. However, it is observed that the actual value of the critical height is not affected 
by this parameter. The influence of the clay thickness is shown in Figure 4c and the curves of 
differential settlement versus height of embankment are quite similar, indicating again that the critical 
height is not affected by the clay compressibility. The slightly higher values of differential settlements 
for less thick clays reflect the increase in the columns axial stiffness similarly to the geosynthetic 
stiffness. It may be observed that a common value of the embankment critical height equal to 2.30 m 
was reached for the previous parametric studies (Figure 3a,c). However, the values of ୡ୰୧୲ for each 
cover ratio are shown in Figure 3d and in Table 3, with lower values corresponding to closer columns, 
as expected. Therefore, the most sensitive parameter affecting the embankment critical height is the 
area ratio, as determined by McGuire et al (2012) for piled embankments. 
 
(a) influence of the encasement tensile stiffness 
 
(b) influence of the soft clay compressibility 
 
(c) influence of the soft clay thickness 
 
(d) influence of the area ratio 
Figure 3: Differential settlement plotted against embankment height  
hcrit = 2,3m 
hcrit = 2,3m 
hcrit = 2,3m 
hcrit = 2,3m 
hcrit = 3,35m hcrit = 1,85m 
hp  
hp  
hp  
hp  
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୉(m) ୡ(%) ୡ(m) ୉ െ ୡ(m) ୡ୰୧୲ (m) 
2.0 16.0 
0.8 
1.2 1.85 
2.4 11.1 1.6 2.30 
3.6 5.0 2.8 3.35 
Table 3: Geometric values associated to each area ratio considered 
 
4.3 Embankment Height and Maximum Differential Settlements 
In all cases shown in Figure 4 differential settlements increase with the embankment height until a 
maximum value is reached decreasing, then, until the critical embankment height. Note that this peak 
differential settlement develops always at the same embankment peak height ୮, = 1.25 m. So it may 
be concluded that ୮ is not significantly affected by the parameters previously analyzed. However, ୮ 
may be influenced by changes in column diameter while keeping constant the span between columns, 
thus changing the area ratio. To fully understand the development of the differential settlement peak 
value, an additional study was performed. Accordingly, the values of the unit cells simulated, are 
represented in Table 4. The corresponding results in terms of the differential settlements plotted 
against the embankment height for 3 values of column diameter, are represented in Figure 4. 
From Figure 4, it is observed that the column diameter affects de embankment height for which the 
peak value of the differential settlement is achieved. However, since the span between columns is the 
same, the magnitudes of the differential settlements are not significantly affected. Values of ୮ 
decrease with column diameter and are shown in Table 4. Note that, once the area ratio changes, the 
critical height also changes for each considered column diameter.  
       
 
       
ୡ ୡ ୡ ୉ ୉ െ ୡ ୮ ୡ୰୧୲ 
 (m)  (m)  (%)  (m)  (m) (m) (m) 
1.2 0.60 18.4 1.40 0.8 1.50 2.75 
0.8 0.40 11.1 1.20 0.8 1.25 2.30 
0.5 0.25 5.7 1.05 0.8 0.75 1.85 
       
       
Table 4: Geometric values associated to each 
column diameter considered 
Figure 4: Differential settlement plotted 
against embankment height and column diameter 
5 Critical Height: Design Equation  
In order to obtain the critical height design equation the critical height associated to two more 
values of the area ratio, ac = 2.5% and ac = 25% were studied for which the values of the embankment 
critical height found were 4.5 m and 1.5 m, respectively. Based on the available data, a design 
equation was formulated function of ǯ and ୡ. The ǯ values associated to each area ratio plus the data 
used to define the design equation are presented in Table 5 for the case of square layout. 
hp1 hp2 
hp3 
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ୡ (%) ୡ (m) ୡ୰୧୲ (m) (m) ǯ(m) ୡ୰୧୲Ȁୡ (-) ′Ȁୡ (-) 
2.5 
0.8 
4.50 4.42 2.73 5.63 3.41 
5.0 3.35 3.19 1.85 4.19 2.32 
11.1 2.30 2.12 1.10 2.88 1.38 
16.0 1.85 1.77 0.85 2.31 1.06 
25.0 1.50 1.42 0.60 1.88 0.75 
Table 5: Data used to formulate the design equation - Square layout 
The last two columns of Table 5 allow writing the design equation Eq.[4] shown below and defined 
herein by numerical analyses.  
 
 ݄௖௥௜௧ ൌ ͳǤͶͳʹݏᇱ ൅ ͲǤͺͷͷ݀௖ [4] 
6 GEC Versus Piled Embankments 
6.1 Numerical Analyses 
To fully understand the behavior of GEC, numerical analyses were performed for concrete piles 
with a linear elastic behavior and parameters E = 30 x 106 kPa and ߥ = 0.2 (Carreira, 2014). For the 
remaining materials the constitutive models and their parameters are the ones shown in Table 1.  
Figure 5 shows settlements developed at the embankment surface over the columns and over the soft 
soil for both pile and encased column. The results shown in Figure 5 indicate that the critical height is 
not significantly affected by changes in the axial stiffness (EA) of the columns.  Figure 5 allows 
showing that, due to their axial stiffness, settlements on the top of piles are not significant until the 
embankment peak height is reached. Also, it may be concluded that for embankment heights lower 
than ୮, GEC settle under applied load. On the other hand, differential settlements are greater for piled 
embankments, while the uniform settlement is greater for deformable columns. 
  
Figure 5: Settlements at the top of the embankment plotted against he for both piles and GEC 
6.2 Comparison of Results 
McGuire et al (2012) and Filz et al (2012) performed field-scale tests and laboratory model tests 
and also analysed extensive literature data of piled embankments in a square array. All available data 
was then presented in Figure 6 together with the proposed equation of critical height, a function of the 
column diameter dc and the distance ǯ as given by Eq.[5].  
hp hcrit =2,30m hcrit =2,30m hp 
a) b) 
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Figure 6: Differential surface settlements for GEC and for the data published for piles and columns 
 ݄௖௥௜௧ ൌ ͳǤͳͷݏᇱ ൅ ͳǤͶͶ݀௖ [5] 
 
Also presented in Figure 6 is the equation of critical height for GEC in a square array. From Figure 
6 it may be concluded that, as far as critical height is concerned, there are no significant differences 
between the results for piled embankments and the numerical results obtained herein for embankments 
supported by GEC. It is also interesting to note that the design equations cross each other for ᇱȀୡ = 
2.23 value. Therefore, for values of ᇱȀୡ lower than 2.23, the reinforcement system with piles is too 
rigid and a higher embankment is necessary to mobilize the full arch effect. On the other hand, for 
values of ᇱȀୡ greater than 2.23 the span between columns increases and the confinement provided to 
the soft soil through the lateral expansion of the columns decreases significantly. For those situations, 
the improvement of the soft soil using GEC is too flexible and starts to lose its overall efficiency. It 
should be pointed out that, for columns installed closed to each other, it is more efficient, to use GEC 
and for the opposite, it is better to use the reinforced system using piles. But again, the differences 
between the design equations for each solution are not significant.  
7 Conclusions 
The main purpose of this work was to study the parameters affecting the critical height of an 
embankment supported by GEC. The unit cell modeling approach was used to perform numerical 
analyses using the finite element method. Based on the findings obtained for the differential 
settlements developed at the top of the embankment, the following conclusions may be pointed out. 
1. The embankment critical height is affected by both column diameter and span between 
columns (area ratio). Also, it was found that  critical height is directly associated to the 
total mobilization of the arch effect at the embankment base; 
2. The embankment peak height depends, as well, on the area ratio. However, the area of the 
columns (column diameter) was found to be much more influent than the area of 
untreated soft soil (span between columns); 
3. Soft soil improvement using GEC technique was found to be a more flexible system than 
the one associated to piles. Thus, the bearing capacity of the first one, is mobilized 
through the developed interaction between the lateral deformation of the columns and the 
consequent confinement of the surrounding soil; 
4. As far as critical height is concerned, there are no significant differences between the 
piled embankment and the embankment supported by GEC in a soft clay. 
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